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?HE LANC-EROUS FLAT SPIN AND TEE FACTORS AFFECTING -IT* 
By Richard Fuchs and Wiliielm Schmidt 

lo Notation 
a) Axe s 



All the axes pass through the center of gravity 
(C#Gr,) of the airplane, theiir positive direction being as 
indicated "by the arrows in Figure 1 # 

Air axes (fixed with respect to flight path): 

X, path axis tangent to path of C.Gr. of airplane; 
Z , horizontal axi s perpendicular to X; 
Y, axis perpendicular- to both X and Z. 



Body axes (fixed with respect to airplane) 

x, fuselage axis (longitudinal axis) ; 
y, strut axis (normal axis); 
z, spar axis (lateral axis)* 



Other ax es : 

y 1 , axis of lift in plane of symmetry perpendicular 
to X; 

z x , axis perpendicular to X and y x ; 
x x , axis perpendicular to y and z l9 



* n Der gefahrli cliche f lache Trudelf lug und seine Beeinf lus- 
sung," from Zeitschrift f iir Flugtechnik und Uotorluf t schxf- 
fahrt, July 14 (p. 325), and July 28 (p. 359), 1930 r pub- 
lishedby R. Oldenbourg, Munich und Berlin-, 
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b) Determination of Path of C.G* of Airplane 

v(m/s), velocity along flight path (path velocity); 

£(m/s 2 ), change in path velocity with time; 

cp (deg # ) , angle of glide, "between axis X and its pro- 
jection on horizontal plane; positive, when 
airplane climbs; 

cp(l/s)» change in gliding angle with time, accompanied 
"by change in angular velocity about Z; posi- 
tive, when acting clockwise about the corre- 
sponding axis as viewed in the positive direc- 
tion of the latter; . . 

u)(l/s) f angular velocity about the vertical, positive 
upward; positive, when acting clockwise about 
the corresponding axis as viewed in the posi- 
tive direction of the x latter. 

c) Position of Airplane with Respoct to Path 



> See fig, 1; 



0C. (dog,), angle of attack' 

[x(deg.)> angle of bank 

T (deg # ), lateral angle (angle of yaw) 

otg(deg*), angle of attack of horizontal empennage; 

a ! (deg # ), angle of attack of vertical empennage; 

cc(l/s), change in angle of attack of airplane with 

time, accompanied by change in angular veloc- 
ity about z x ; 

|iT(l/s), cho,nge in angle of bank with time, accompa- 
nied by change in angular velocity about X; 

T.(l/s)» change in angle of yaw with time, accompanied 
. by change in angular velocity about y. 
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All angular velocities arc considered positive, when 
acting clockwiso about the corresponding axis as viewed 
in the positive direction of the axis. 



d) Rotation of Airplane in Space- 

Q(l/s), total rotational velocity about an axis fixed in 
space; o.lso vectorial., sum of rotational veloci- ; 
tios 0), <p, &» \x and T. 
• 

Q x = 0) sin cp + p, t sin a 

Qy ' = *a>cdscpcos|i + cp sin. fx + T cos a 

&z x = ~ w cos <P sin + 9 cos I 1 * $ 

Q z = [(a) coscp cosijl + cp sinja) sina + loo sin$ + p,) cosa] 
cost - [ - a) coscp sinjx +. q> cosjjl + a ] sin t 

Qy = -(a) coscp cos|a + <p sin|a) cosa - (a) sin<p + p,) sina 
+ f 

q s = [ (a) coscp cosfi + q> sinix) sina + Xco sincp + |1) cosa] 
sinT + [ - u> coscp sinp, + Cp. cosjj, + a ] cos T. 

Component 9 jof Q about the corresponding _axgs Al 1 

rotations are positive when acting clockwise about the 
corresponding axis as viewed in the positive direction of 
the axis. 



Q x (lA 



2 . 

J Change of angular velocity, with time 



y 

x " ) | about the corresponding body axis. 
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e) L6cal Constants'' 

g(m/s 2 ), acceleration due to gravity, 
7(kg/m 3 ), air density* 

In this treatise -X- » — « corresponding to an al-t 

• Sg 20 • " - 

titude of about 2300 m (7546 ft.), 

o = 1 v 3 (kg/a 2 ), dynamic pr.es.cur a, 
* 2g 

q 2 (kg/m 2 ), dynamic pressure on horizontal empennage, 
q 1 (kg/m 3 ) t dynamic pressure "on vertical orrpennage . . 

f) Charac tori sties of a Junkers A 35 Low-V/ing Monoplane 

(Figs. 2«4) 

G = weight of airplane = 1600 kg, . 

P = wing area = 39.76 m 2 ,- . 

b = span = 15.94 m, 

t = wing chord (m) , 

t-i = « » in middle = 2*2 'm, 

t 2 = " " at tips = 1.& 2, 

r - distance of C.G. back of leading edge of wing = 
0.80 a, 

h = distance of C.G. above wing chord = 0.42 (Pig. 4), 

J = inertia moment of airplane a.bout axis 
s x = 300 mkgs 2 

J y = inertia, moment of airplane about axis 
y = 550 mkgs 2 , 

J 2 « inertia nonont of airplane about aids 
z - 290 mkgs 2 , 
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= area of horizontal empennage = 4.80' n 2 , ' 

jjj = distance of c.p. (center of pressure) of horizon- 
tal empennage from axis ,. z = 5.27 u, 



*s 



area of vertical empennage = 1«73 n 3 , 



l s ==■. distance of c.p. of vertical -empennage fron axis 
y = 5.43 n, W. ' " . 

F ! (m 2 )v effective damping area of. fuselage , tip , 

F u (in 2 ), " " " " vertical empennage, 

l». (m) t '" distance of c.p. of vertical empennage from^ 

axis y, * 

Pjj(deg.) , elevator deflection when generating a posi- 
tive moment ah out axis s 
(elevator down) • 

g) Air-Force Coefficients,' Air-Force Moments and 
Gyroscopic Moments- 
All, coefficients have "been obtained hy dividing the 
measured forces in kilograms hy qF and the measured mo- 
ments in mkg by qFt x . 

c a , lift; positive in positive direction of axis 5^ , ' 

c w , drag; ". » negative " . » , - " 

c , cross-wind force; positive in negative direction of 
axis z x , 

°n = c a cos a + °.w sin a > normal force; positive in posi- 
tive direction of axis y f 

= c w cos OC c a sin a, tangential force at zero angle 
of yaw; positive in negative direction of axis x. 

When the above coefficients belong to the wing alone 
it is indicated by the subscript F . 

c rur* normal force of horizontal enroonnage, 
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Cjj^ f normal force of vertical empennage , 

M^, . aerodynamic moment of whole airplane about axis z, 

M F , !l u h W i ng alone !r " z, 

Mg t " " 11 horizontal tail « " z. 

When the subscript 0 is used, it indicates that 

the above moments are about the leading edge of the wing„ 

ICn, aerodynamic moment of wing .alone about axis x, 

l ? , « » " " " " " y. 

« » vertical tail a"bout axis y, 

K T , » . " " whole airplane " .'" x, 



II II II II II y. t 



%» gyrosdopic moment about spar axis z f 

K K , " " " fuselage axis x, 

L £f 11 " " strut axis y. 

All moments are positive when acting counterclock- 
wise about the corresponding axis, as viewed in the posi- 
tive direction of the axis. 

2. Purpose and Scope of thi s - Investigation 

It is known that the operation of the control sur- 
faces, has hardly any effect in a flat spin, so that the 
airplane can recover from it only after a long time and 
often not at all, A flat spin must therefore bo consid- 
ered extremely dangerous, so long as no way is knotfn for 
restoring the normal effect of the controls. 

The article on tho combined lateral and longitudinal 
motion of airplanes (reference 1) shows what steady mo- 
tions, can be produced. by a given angle of deflection of a 
control surface. Several examples arc given of how a 
spin can be developed. 
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The purpose of the present investigation is first to 
determine all the conditions under which a flat spin is. 
possible; and then to determine the forces which cause a 
percept ible disturbance of the equilibrium of all the 
forces and moments existing in a flat spin, especially 
the forces -tending to reduce ' the angle of attack of the 
airplane; furthermore to compare the efficacy of the avail 
able means and, for certain given cases, to find a way by 
which an airplane can be quickly and saf ely • brought out 
of a dangerous flat spin and restored to a small angle of 
attack, "i ;: ,o, , to normal flight* 

A knowledge of the article mentioned in Reference 2, 
at the end of this paper, is assumed. -It is there shown 
how to calculate, by a comparatively simple method, the 
values of the variables belonging to a steady spin by 
starting with the assumption that the angle of yaw and. 
the cross-wind force are small and that the lift and^ drag, 
as well as the aerodynamic moment about the spar axis, z, 
are "independent of the total rotation, ■ In the course of 
the following investigation it will be shown that the an- 
gle of yaw must be small in a flat spin, thus justifying 
the above ass\imption. It will also be shown that the to- 
tal rotation is very large and that the. lift and drag, as 
well as the moment about the axis z, can no longer be 
regarded as independent of the total rotation, Neverthe- 
less, the results of the .investigation, in Eefer.ence 2 . 
wore hardly changed, even for the case in which consider- 
ation; was given to the offect of . the total rotation on 
the lift, drag and aerodynamic mQment, Hence,. we must, 
differentiate between two kinds, of spins. In both kinds, 
the airplane has a very large angle of glide and fall.s 
almost v.crticeJly at an angle , of at tack exceeding that of 
maximum lift. It is spoken of as a. steep or flat spin, 
according to whether tho angle of attack is very large or 
relatively small. Figure 5, taken from an American pub- 
lication} (reference 3) shows an airplane in a flat spin. 

The aerodynamic forces and moments acting on an air- 
plane in a flat spin: have never been determined in a 
wind tunnel, A mathematical dot crmination of t.ho aerody- 
namic forces and moments acting on an airplane in the 
most common case, even in a side wind and for any total 
rotation, is not yet possible, because of the lack of the 
requisite wind-tunne 1 data, ■. Fortunately, it i s known 
that, in a flat spin, the angle of yaw must bo small and 
the total rotation consists essentially cf a retortion* 
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about the path axis X. For this case a mathematical de- 
termination, of the aerodynamic: forces and moments is 
possible, provided the lift and drag, as well as ;the mo- 
ments about the spar axis z aro first measured in a 
wind tunnel for angles of attack up to about 90° • Such 
measurements were made on a Junkers A 35 low-wing mono- 
plane. The results of the wind-tunnel tests with this 
airplane, as well as tho calculated aerodynamic forces 
and moments acting on the flat-spinning airplane, are 
given in Section 3 of the present report. The fundament 
tal equations for balancing all the forces and moments 
acting on the airplane are also given in the same section^ 

The very large angle. of attack and angle of glide, 
as well as the relatively large, total rotations belonging 
to a flat spin* depend primarily on the mass distribution 
and on the vertical empennage and tail end of the fuse- 
lage. The importance of the mass distribution for initi- 
ating a flat spin, is explained in Reference 4* while the 
effect of the shape of tho vortical empennage and fuse- 
lage: tip is shown in References 1 and 2. In Section 4 we 
shall find that the position of an airplane entering a 
flat spin, can be quite accurately determined and that the 
corresponding angle of yaw must be small. The assumption 
that the angle of yaw must be small, which was taken as 
the basis of all previous investigations, proves therefore 
to be correct for the flat spin. 

The effect of . di sturbances in a flat spin: can be de- 
termined mathematically. It has been shown that the 
fundamental equations can be greatly simplified and 
solved in such a way as to indicate which quantities, are 
affected by a change in the angle of attack.. It is thus 
possible to compare these quantities and to determine 
which are the most effective. This subject will be con- 
sidered in Section 5. 

It will be shown that, in agreement with reality, 
the control surfaces have hardly any effect and that 
there is practically but one way to reduce the angle of 
attack very much in a flat spin. This is to suddenly in- 
crease the upward slope of the curve of the coefficient 
of the aerodynamic moment about the spar axis, z as 
plotted against the angle of attack, which is equivalent 
to a sudden enlargement of the horizontal empennage dur- 
ing flight. ' 

The solution of the fundamental equations is obvi- 
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ously correct only in so far as the basic assumptions are 
themselves correct. This is the case, only just after the 
disturbance of the equilibrium. The effect__of a disturb- 
ance can bo followed longer only with the aid of a numer- 
ical integration. This is done in Section 6 for the caso 
of the sudden doubling of the horizontal- empennage, during 
flight. This is the only way to judge regarding the pos- 
sibility of ..recovery from a flat spin. It will he shown 
that, while the angle of attack decreases greatly, tho 
angle of yaw increases considerably, at least in the be- 
ginning. Thorofore the accurate mathematical determina- 
tion of all the . aerodynamic forces and moments acting on 
the airplane becomes impossible , . duo to the lack of the 
requisite wind-tunnel data. Nevertheless. the approximate 
•calctilation of these forces and moments, as hero made, 
without regard to the side wind, may at least be regarded 
as giving correct qualitative result's, all the more be- 
cause the airplane, due to the sudden enlargement of the 
horizontal empennage during flight, tips forward and 
passes into a vertical dive without rotation or side 
wind. Hence the results of the calculation are also 
physically instructive. 

Lastly, the questions of especial interest to air- 
plane designers will be considered in Section 7. It will 
be shown, by way of example, how the horizontal empennage 
might be constructed, so as to enable a sudden enlarge- 
ment of its area during flight, i.e., a quick and safp 
recovery even from the hitherto justly feared- flat spin. 
It will also be shown how the tail end of tho fuselage 
and tho dif-feront tail surfaces could be designed so that 
a flat spin: would be impossible. 

.' '3. Introduction: of the Mathematical Data Required 

for This Investigation 

a) Tho Airplane Investigated 

The investigation was conducted with a Junkers A 35 
low-wing monoplane (Figs. 2-4), whose dimensions wore 
given in Section: l,f. The inertia moments were deter- 
mined mathematically. 
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b) Available Wind- Tunnel Data 

All the measurements were made in the Gottingen wind 
tunnel on a rigidly mounted model of the above low-wing 
monoplane, both on the whole airplane and on the wing 
alone/ The "angle of attack a was varied between # -20 , 
and +90°. The lateral angle T was kept at 0 . In gen- 
eral the elevator and rudder remained in the neutral po- 
sition, . measurement s "being made with an elevator dis- 
placement p H of ' ±10° only at small angles of attack. • 

licasurement s were made, of the lift and drag: and of ■ 
the moment about the leading edge of the wing. ,Tho lift 
and drag wore divided by qF and the loading-edge moment 
by. qFt x ., thus obtaining thd'rfcspective absolute or no a* 
dimensional coefficients. In Figure 6 the Tift and drag 
coefficients are plotted against the angle of attack, .. 
"both for the whole airplane and also for the wing alone. 
In Figure 7 the coefficient of the leading-edge moment is 
plotted against the angle of attack with the elevator... 
displacement as parameter. - 

c) Aerodynamic Forces and Moments Acting on 
an Airplane in a Flat Spin 

■ * 

All the forces and moments depend essentially on the 
angle of attack a, the lateral angle (angle of yaw) T 
and on the total rotation Q, whose components about the 
air axes are represented by the equations: 

Path axis X, 

Q x = co sin (p + pL - t sin a (l) 

Lift axis y x , 

Q v • == 0) cos 9 cos (i + q> sin jjl + T cos a (2) 
Axis z x + X and y x , 

zz - ^ cos 9 sin u + <p cos \x + a (3) 
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Any accurate determination of the aerodynamic forces 
and moments acting on an airplane with a sido wind and a 
given rotation is generally impossible, duo to the lack 
of the requisite wind- tunnel data, hut .is quit© .possible 
in a flat spin, 

A "flat spin' 11 is a very ' steep , nearly steady spiral 
flight in which tho fusolago is almost horizontal. For 
such a flight case the angle of attack is accordingly v*-v 
very 1 largo 'and 'the angle of glide is approximately -90°. 
(Fig. 5 # ) 

Sinco, according to Section. 4, tho ; anglo of yaw must 
"be small in a flat spin and can therefore exert hardly 
any influenco on the aerodynamic forces and moments at 
the corresponding -large angles of attack, and sinco, more 
over, according to equations (l) to' (3) , :the components 
Qy i and Q z ^ of the resultant rotation Q are very 
small, in comparison with the component Q s , all the aero 
dynamic forces and moments acting on the airplane depend 
chiefly on the anglo of attack a and on the rotation 
Qx abo\xt tho path axis. They can be calctilatcd when 
they have not been determined : by wind-tunnel ' tc st's. 

As mentioned above (3,b) the result's of tho wind- 
tunnel tests cover only the coefficients of lift, drag 
and leading-odgo /momont in terms of tho anglo of attack, 
Tho corresponding values arising from the rotation about- 
the path axis, as well as the. newly added cross-wind 
force and the momont s ..about . tho ftiselago and strut axes 
(x and y) , must be calculated. 

In a flat spin the cross-wind forco is negligible in 
comparison with tho lift and drag. By cross-wind fprco 
with the coefficient c is meant a f.orce in tho. direc- 
tion, of the axis z x pcrpondi cular to the path axis X 
and t.o the lift axis y 1 , In a flat spin it is produced 
chiefly by the fuselage and vertical empennage which, duo 
to the rotation Q x , are exposed to a lateral air- cur- 
rent. 

Assuming tho forces acting on the fusolago and vor- 
tical empennage to bo combined into a single forco and 
designating tho coefficient of their components in the 
direction of tho spar axis z by- c^*;, the correspond- 
ing, dynamic pressure by q 1 and the corresponding area 
by, we then have, according to Figure 8, 
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c 0 s'SJL-fli c a f . cos T. 

P q. ; . 

Since P'/j is always snail and q ! /<l nover ex- 
ceeds 2, it follows that c q is negligible? in conparison 
with tho lift and drag, ovon for largo values of c^ 1 
and zero angle of yaw # 

Tho lift and drag produced by tho othor parts of tho 
airplano aro hardly affected by tho rotation Q x about 
the path azis. For any given rotation tllc corre- 

sponding values of tho wing. alone aro: 
+ b 

° a F * F f £° a F (a < ? os + 



+ c w (a +Aa) sin A a] -*~ - — ~ t d z 
F ■ cos 2 Aa 



,b 
+ 2 

c w? = i / [c Wj (a + Aa) cos-Acr- 

2 

* c a-, ( a + Aa) sijl Aa] — — — - t d z 
a ? cos2 Aa 

. zfl x 

where Aa = 57.3 arc. tan Tho values c a and c w , 

F F 

applicable only to the wing at rest, were derived fron 
Figure 5 # 

In Figure . 9, c a ^ and c w are plotted against a 

bfiv bQy 
and # At the large values of — ^ for the flat 

o V * 2 VT 

spin, the corresponding lift and drag coefficients for 
tho stationary wing are considerably altered, (Refer- 
ence 5,) 

If the coefficients of lift and drag for the wing 
alone aro subtracted fron the corresponding coefficients 
for the whole airplane at the same angle of attack (fig* 
6) and the resulting values ar? added to those plotted in 
Figure 9, the lift and drag coefficients are obtained- for 
the whole airplane, as plotted in Figure 10 against a 

and £95. 
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A knowledge of tho moments about the spar axis z 
is necessary for spin investigations. The so moments; arQ; : 
therefore determined -from the corresponding measured"; "iapr?-;; 
ments about the leading edgo of tho wing as f ollows ; « o:/::- 

Let Mt;i bo tho coefficient of the aerodynamic mo- 

? o , ; 

mont about the loading edge, for the wing alone and . ;«L 0 ' 

the corresponding coefficient for the whole airpljaney : 
Then M Lq - Mji q yields the coefficient i% o of the mo- 
ment about the leading edge of tho wing produced bhiofly 
by 4 the horizontal empennage. 

If wo draw a vertical lino from the C.G. of the air~- 
plane to the plane of the wing chord and designate the 
distance of its bottom : point from tho leading edge of tho 
wing and from tho e»p»"of the horizontal empennage by .r 
and lg, respectively, we obtain for tho coefficient. Mg 
of the moment about tho spar axis, as produced by tho 
horizontal empennage , 

• • % = r?~i5'(M Lo - % 0 ) • •* •= 

In Figure 11, Mg . is, plotted against the angle of attack 

The moment about tho spar axis z is derived from 

the coefficient M^' of the corresponding moment about 

* o 

the leading edge due to the wing alone by the formula 

h being, the vertical distance from the C.G. of the air- 
plane to the plane of the wing chord and and ct^ 

the respective coefficients of the normal. and tangential 
forces of the wing alone. In Figure 12 these coeffi- 
cients are plotted against tho angle of attack. 

The addition of U-$ and Kg . yields the coefficient 
of the aorodynamic moment about the spar axis for the 
whole airplane. These coefficients are plotted against 
the angle of attack in Figure 11. So long as the dis- 
tance r is approximately 0.36ti , as for the airplane 
investigated., the moment about tho spar axis produced by 
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tho wing clone is small in comparison with the corre- 
sponding moment of. the horizontal empennage at the 
largo angles of attack "belonging to the flat spin,- 

- At large angles of attack of the. flat spin, tho 
moment produced "by the wing alone about the spar axis, 
z, due to a rotation 
hardly changed. 



Q x ah out the.. path axis X, is 



. Designating tho coefficient of the normal component 
of the total aerodynamic force acting on the horizontal 



empennage by c 



n H » 



the corresponding dynamic pressure hy 



q.g, the area of tho horizontal emponnage .by F^ and tho 
distance between the c.p, of the aerodynamic force and 
the spar axis by l H , the, coefficient . Jig. of the moment 
about tho spar axis, duo to the horizontal empennage, bo 
comos * 

c n K <1H F H l H " 

% = ~~—t:~ ■ (4) 



Tho coefficient cng is hardly affected, even "by tho 
large rotations about, the path axis occurring in a flat 
spin, so that Mg depends chiefly on tho dynanic pres- 
sure qg, for which wo- have the formula 



Cl + 



4 I 



H 



sin' 



Accordingly the moment about the spar axis for any rota- 
tion Qx about the path axis becomes 



M H [1 + 




sin s a /b Q x y.j 



The addition of the coefficient Mp of the moment about 
the spar axis due to the wing alone yields the coeffi- 
cient of the moment about the spar axis due to the TzJiole 
airplane. The latter is plotted against a and z}M in 

FigTiro 13. At the largo valuos of a and for V a 

2 v 

flat spin, the moment .about the. spar axis for. the station 
ary' model is considerably changed. 



For a rotation fix about the path axis.,, the wing 
alone produces moments about the fuselage and strut axes. 
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whbse respective coefficients Kj ■ and can "bo calcu- 

lated as follows: 

1 2 1 

2 



+1 

1 .1 

L 5" = z;~T~ / ct (a + Aa) — - r ~r " t z d z 

J ? t 1; ' T i< cos 2 Aa 

• v-i . . . . 

where Aa = arc,, tan The respective coefficients 

c n<n and c^ < of the normal. and tangential forces for 
ij F 

the wing alone are taken from Figure 12. In Figures 14 
and 15 and Lj* arc plotted against and 

bQr " 
- — ; , respectively. 
2 v 

In addition to the above moment about the strut axis 
y produced by the wing alone, duo to the rotation Qj, 
there is another very important moment about the same 
axis, produced principally by the vertical emponnago and 
the tail end of the fuselage, whoso coefficient is desig- 
nated by L 1 . 

If we imagine all the forces acting on the vertical 
empennage and the tail end of the fuselage combined into 
a single forco and denote the coefficient of the compo- 
nent acting in the . direction of the spar axis' z by 
c n ', the corresponding dynamic pressure by q 1 , the ef- 
fective area of the vortical emponnago and fuselage end 
by F n and the distance between the st3jut axis y and 
the c«p # of the aerodynamic ftfrco by l{ we then have 

On the airplane in question the greater part of the 
vertical emponnago lies above the fuselage and the hori- 
zontal empennage • When the angle of attack is small, 
the whole area of the vertical empennage is exposed to 
the air flow.. In a flat spin, however, the angle of. at- 
tack is very large, so that almost all the vertical em- 
pennage above the fuselago and the horizontal empennage 
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is "blanketed. (Fig* 16.) Hence the effective area F" 
is considerably smaller in a flat spin than in normal 
flight and has approximately the following value: 

F» =3*1-0 sin a, (6) 

in which ■ 0 is the "blanketed portion at a = 90°. 

The coefficient c n ! depends principally on the an- 
gle a 1 , at- which the offectivo area 3?" is struck by 
the air flow. In the absence of experimental data, wo 
are using the normal-force coefficient as plotted against 
a in Figure 17. 

The dynamic pressure q 1 is represented' "by the for- 
mula tS o 

• 4 I ■ sin 2 a /b O x \ 2 
q» = q-[l + J 

Consequently tho coefficient L ! of the moment about the 
strut axis y, principally produced by the vortical em- 
pennage and tho tail end of the fuselage due to a rota- 
tion about tho path axis, bo comes 

(3P« - C sin a) V 4 I 13 sin 2 a /b Q x \ 3 

t .. — C1+ . - 5 — c r ^)]c n -. 

The coefficient c n 1 deponds on tho angle a 1 , as rep- 
resented by tho formula 



2 I 1 b Q x 



. a 1 = arc tan — ~ — — sin a. 

o 3 v 

In Figure 18, L ! is plotted against the angle of at- 
tack a with the parameter ^ 

' 3 v* 

d) Fundamental. Equations 

Equilibrium of the forces in the direction of the air axes 
Path axi s X, 

p • * 
] ^ V = - G sin cp + S cos T cos .a - c w q F (7) 

& , 
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Lift axis .yi ., 

g 



0 = ^ v (0) cos 9 sm (ji - 9 cos p,) - 



-G- cosvp. cos|jl. +S cost sina +c a qF ' (8) 
Axis zi + X and y x , 



0 = ~ v (u) cos cp bos jjl + q> sin + 



+G cos9 .SiH|jL -S s.inT-Cq ' (9) 

Equilibrium of the moments about the body axes: 
Fuselage axis x f 

'x'Qx - < J y ~ J z> % Q z = - K L (10) 
Strut axi s y , r 

J y Qy ~ (J z - J x ) Q z Q x = - Ll (11) 

Spar axis z, 

J z fi z - < J x - J y) . ^x "Ay = - M L . ~ ( 12 > 

The rotational velocities (Q x - f fi y and Q z ) about 
the body axes are defined as follows: 

^x = C ( w coscp cosp, +cp sinia,) since +(W sin9 cosa] cos T 

- [-0) coscp sin|j, + 9 cosfa +a] sinTj (13) 

Q y = (uTcoscp cos|a + cp sin|a,)cosa -(<*> sinCp +\x) sina + T (14) 

Q z = [(a) coscp 'cos^o + 9 sinp,) sina + (u sin cp +fi) cosa] sin T 

+ [ - 'CD co 39 sin|j. + 9 cosp, +a] cos (15) 

On the assumption that the propeller thrust S is 
zero, equations (7) to (15) may better be written as 
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follows: 

d = - Q x sin T .+ Q z cos T + g ^-U_cojLl , U v Cg ( 16) 

cos T + Q z sin T § tan a sin \x cos (p 

^ _ co s"a S ~ "v 

+ 2? v Cc a sin |i tan <p - c (cos |jl tan cp + tana)] (17) 

T = (fi x cos T + Q z sin t) tan a + 

■ ^ , sin jjl cos cp 7? v c a ,„ rtN 



i = - S SOJJB..+ || v ( c& cos n + c q sin n) (19) 

I = - g sin <p - || c w v 2 . (20) 

w = - if ^sip (Ca sin ^ " c * 008 ^ (21) 

CV-.^T.^+ii^SQ.O, (23) 
2g J 2 ^ J z 



4. Equilibrium Conditions of a Flat Spin 
a) Equilibrium of the Forces 

For the case when the •propeller thrust S and the 
coefficient of the cross-wind force c q , as well as all 
their derivatives, vanish, the fundamental equations 
(7) .to (9) show that: 
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0) = 



g .si n Cp 
F 7 c w 



TP 2 *V 2 ^22 ; 
F 7 C a V g 

4 G 2 cos 2 cp " V s 



\l = - 57.3 arc tan 



v_U) 
g 



(25) 

(26) 
(27) 



In these equations c a and c w are the respective coef- 
ficients of lift and drag for the whole airplane* These 
coefficients are nearly independent of the angle of yaw 
at the largo angles of Attack prevailing in a flat spin. 
On the other hand, according to Section 3 t c, they are 
largely dopendont on the total rotation Q, which, in a 
flat spina, consists essentially of the rotation- Q x 
about the path axis. This dependence is shown in Figure 

bQ* 

10. Taking c a and c w from Figure 10, can "bo 

& v 

calculated "by equations (25) and (26) for any given angle 
of attack and angle of glide* In Figuro 19, Hrjg is 

2 v 

plotted against the angle of attack a with the angle of 
glide Cp as parameter. It is obvious that the value cor- 
responding to any given anglo of glide is nearly constant 
for the angles of attack in a flat spin, so that the co- 
efficients c a and c w for these angles of attack, cor- 
responding to a constant value can ho taken from 

2 v 

Figure 10. It is obvious that, for the airplane investi- 
b 0}r 

gated, cannot exceed a maximum value of about 1.5 

corresponding to an anglo of glide 9 of about -87°. On 
the basis of these values, v, U) and |jl .are calculated by 
equations (25) and (27) and likewiso t>lottod in Figure . ; . 
19. 

At the angles of attack and glido in a flat spin we 
have the following results according to Figure 19: 

The path velocity . v varies but'little with the an- 
gle of attack, being about. 25 ;m/s (82 ft. /sec.) for the 
airplane. investigated. 

The rotational velocity U) diminishes with increas- 
ing angle of attack. For example, at an angle of attack 
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of .60° and an angle of glide of ~8?°, co has a value of 
about 5, that is, the airplane ' require s about 1,3 seconds 
for a complete revolution about the vertical axis. The 
angle of bank |jl is about -85° • 



b) Equilibrium of the Moments 



The balancing of the moments about the strut axis y 
is expressed according to equation (ll) by 

J z ~ J x) ^x ~ L 

the negative gyroscopic moment -Lg being equal to the 
aerodynamic moment L^. 

. It is obvious that the factor J 2 - J x is* so small 
for airplanes of the ordinary type that no considerable 
gyroscopic moment can develop about the strut axis. 
Hence the balancing of the moments about the strut axis 
is restricted to the # aerodynamic moments alone # These 
consist essentially of the moments produced by the wing 
alone and, above all, by the vertical empennage and the 
end of the fuselage, so that 

L L = Ly + L 1 . 

can be written for the aerodynamic moment about the strut 
axis. 

The moments about the strut axis are therefore bal- 
anced, when = 0, that is, when Lp = - L 1 . The mo- 
ment produced by the wing alone, which accelerate the 
existing rotation, must therefore at least equal the 
damping moment due to the vertical empennage and the tail 
end of the fuselage. Both moments are nearly independent 
of the angle of yaw. Hence the latter has hardly any ef- 
fect in the balancing of the moments about the strut axis. 
An accurate determination of Txoth moments is thereforo 
difficult, . It may still be maintained that the damping 
moment produced by the fuselage tip and the vertical em- 
pennage continually increases with increasing 
while the mo-merit-, which i s produced by the" wing alone and 
which accelerates the existing rotation, is nearly indo~ 
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pondont of and remains snail. For tho investigated 

airplane, according to Figures 15 and 13, a comparison of 

bQr 

these tyro moments is possible only when is not 

greator than about 1.5'- i.o # , when the angle of glide is 
not greater than about .-87° • .Henco the maximum value of 

bQy 

~— , and consequently of cp , is determined by the bal- 

Ct V 

ancing of tho moments about the strut axis. 

Tho moments about the fuselage axis are balanced ac^.: 
cording to equation (10) 

(Jy - Jg) Q 2 = K, 

tho nogativo gyroscopic moment • -Kg being equal to the 
aerodynamic moment K^. The nondimensional coefficients 
K L and -K K are obtained through division by qFt x and 
the introduction of equations (14) and (1§) • The aerody- 
namic moment consists essentially of the wing moment, so 
that we may put Z L = K p . It is nearly independent of 
the angle of yaw and can be taken from Figure 14, corre- 
sponding to an angle of glide 9 = - 87 , i.e., to a 

value, of about 1.5 for In Figure 20, K L and K K 

are plotted against -the angle of attack, with tho angle 
of yaw. T as parameter, for a gliding angle of -87°. It 
follows that the 'gyroscopic moment about tho. fuselage 
axis is greatly aff ectadiby the anglo of. yaw«. Even at an 
angle of yaw of ±20°, any balancing of tho momonts about 
the fuselage axis i s no longer possible at tho angles of 
attack prevailing in a flat spin. 

The moments about tho spar axis z are balanced ac- 
cording to equation (12) 

(J X - Jy) fi^.Qy = U 

the negative gyroscopic, moment being equal to the 

aerodynamic moment M^* The nondimensional coefficients 
M L and ~M K are obtainedthrough division by qFt x and 
the introduction of equations (IS) ^nd (14). The aerody- 
namic moment is nearly independent of the angle of yaw « 
In Figure 21, M L and -H r ' are plotted against the • an- . 
gle of attack with the angle of yaw t as parameter-, the 
gliding <? being -87°. It is found that the angle of yaw 
has hardly any effect on the balancing of the moments 
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about the spar axis, so long as it is loss than about 
£20°, the-, angle of attack being about 60°. 

In summarizing, it may be said: that the maximum 
bp? 

value of w-- and .the. corresponding angle of glide cp 
are determined by balancing 'the moments about the strut 
axis y; that any balancing of the moments about the fuse- 
lage axis x is possible only at small angles of yaw T; 
lastly, that the angle of attack & is determined by bal- 
ancing the moments about the spar axis s. However, when 
the angle of glide . <p f the. lateral angle (angle of yaw) 

bftv 

t, the angle of attack a ana the value "of g-- are 
known., the velocity v, the rotation co and the angle of 
bank (jl can bo calculated , Thus tho fundamental equi- 
librium conditions of a flaV'spin are fully determined. 

5. Effect of Disturbances in a F^at Spin 
a) Simplification of tho Fundamental Equations 



On the ^assumption that the engine is"stoppcd, the 
suitably altered fundamental equations (16) to (20) can 
bo still further simplified for flat spins, as follows. 

If the initial stato of equilibrium of a flat spin 
be di sturbed, ..a numerical integrati on • (Secti on 6) shows 
that the path velocity v changes but little at first, 
so that v may bo considered constant,, I n a flat spin 
a balancing of all the forces and moments acting on the 
airplane is possible, according to Section 4, only when 
the angle of yaw T is small. In the following inves- 
tigation of the initial position of equilibrium, it is 
assumed that T Q is so small that sin t 0 is approxi- 
mately zoro and cos t q i s appr oxl mat oly 1 # 

AcCBtfding to Section 3,c the aerodynamic- forces and 
moments acting on an airplane in a flat spin depend not 
only on tho angle of attack but also on. the total rota- 
tion. Q, which consi'sts essentially of the rotation 
about tho path axis. If this initial position of equi- 
librium, is disturbed, tho numerical integration shows 
(fig, 24) that the only important effect at first is 9 
change in the rotation Q 2 about the spar axis, while 
the components of the total rotation ronain. nearly con- 
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stant, Tho cross-wind force (Section 3,c) is negligibly- 
small in comparison with the lift and drag, so that its 
coefficient c^ may he considered zero. 

The lift is produced principally by the wing and is 
hardly affected by the accompanying rotation Q z • It ac- 
cordingly depends almost entirely on the angle of attack 
a and on tho rotation Qx about the path axis and can 
be taken from Figure 10 to correspond to- a given rotation 

• bOr 
Qx» that is, to a given value of 2~7^V' st ' constan * v * 

The curve of the lift coefficient c a , as. plotted 

bQx 

against the angle of attack a. wi*th g^vr as parameter, 
can, according to Figure 10, be regarddd- as a. straight 
line for the angles of attack in question, so that we 
can put c a = m 1 a + n^ . No .assumptions need to be : % mado 
regarding the drag coefficient* c w . 

The moment about the spar axis is affected by the 
accompanying rotation Q z in so* far as an additional 
moment is producod, mainly, by the. horizontal empennage, 
which tends to damp the. rotation Q z « This additional 
damping moment of tho horizontal cmponnage is. due mainly 
to a change in the angle caused by the rotation Q z • 

On the other hand tho accompanying dynamic pressure, can . 
at first be regarddd as" constant, because Q z is then . 
small • The coefficient of this additional horizontal ~ 

cmpennage moment can accordingly bo written &cch» 

d oU *' 

in which n 



Aa H = arc tan ^fi 



Since, according to Figure 11, tho wing moment is nearly 
constant at the large angles. of attack prevailing in a 
flat spin, we can put 

d M H d M L 



d a H i as 

Tho curvo of the coefficient °~ tllG total moment 

about- the spar axis, as plotted against the angle of at- 

bQx 

tack a with the parameter rp^.» can ,. according to 

Figure 13, be regarddd as a straight line M L = m 2 a + n2 
for the angles of attack in question, so that 
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a L! L . ■ ' • a u H „ a. m l , • 

v — ^ is constant and- we can. put .• ~ - — - = n s • 

da d a H d a 

Honcc 

• • In 

... • M L = .n 2 a + n s +. ~ m 2 Qg. 

The nonont about the fuselage axis is hardly affect- 
ed "by tho operation of tho ailerons at the largo angles 
of attack -prevailing in a flat spin. . If any change, in 
tho shape of thp wing during flight bo di srogarded (which 
will be shown to havo hardly any effect Jon the- alteration 
of the angle of attack)., the nonont about tho fusolago 
axis is materially affpetod only by tho angle' of attack 
and by the rotation, about tho path axis. The curve of 
the corresponding coefficient interns of tho angle of 1 
attack can, according to Figure 14, bo r oprosontod by a. 

' bQv 
straight lino K L = n 3 a + n 3 for the parameter 

belonging to a flat spin, 

' ; The airplane moment abo\it the strut axis con- 

sists essentially of ' the moment Lp produced by the wing 
and the moment L 1 produced by tho tail end of the fuse- 
lage and tho vertical empennage, as expressed by the equa- 
tion: L L = Ly + L 1 . The moment Lp produced by the wing 
alone may bo regarded a.s constant at first. 

The coefficient of tho moment L 1 produced by the 
fuselage ond arid the vertical empennage is represented, 
according to equation (5), by tho formula 

~ "~tr — 

in which, according to equation (6) f F" = - C sin a 
can bo put for tho offoctivo aroa of tho fusolago end and 
vortical empennage In a flat spin tho total rotation 
consists essentially of a rotation about the path 

axis, which, at the largo angles of attack, nearly equals 
the rotation Q y about the strut axis, Tho dynamic 
pressure q 1 may be regarded as constant at first and 
bo calculated as follows: 

.«v- *u + (-r 
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On the contrary, the angle a 1 , at which the fuse- 
lage end and the vertical empennage arc struck "by the air 
flow, and the coefficient c n r of the corresponding 
normal forco are quite sensitive to .any- change in the ro- 
tation. Qy 

7 1 _L 
a 1 = 57.3 arc tan Q y ~ 57.3 v " Qy 

In Piguro 17 the coofficiont c n ! is plottod against a 1 
or (which amounts to' nearly the same thing) against 57 # 3 . 

Qy . This carve can "be represented by a straight line, 

as follows: 

c n f = m 4 f a 1 = nu Q y 
' I 1 

in which m 4 approximates 57.3 — — m 4 ' . Eence the coef- 
ficient of the total moment about the strut axis. becomes 

L L = + [1 + (— — J J -y-^ m 4 O y 

Hence depends principally on the rotation Qy 

about the strut axis. 

Of the fundamental equations (16) to (24) , serving 
for the determination of the nine variables, 

a, t; v, cp, a>; fi x , fiy aild 

equation (20) docs not need to be considered, because of 
the assumption that the path volocity v is constant at 
first, which leaves only eight differential equations to 
bo integrated. By simplifying these, on tho. basis of the 
above assumptions, by developing the terms from the prod- 
ucts of several variables into a Taylor series, only the 
first terms of which are considered and, lastly, by neg- 
lecting the terms which are small in compari son- with tho 
others, wo obtained tho following eight differential 
equations of tho first order*- 
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a 




ai 




T +d Q z 1 




+*1 

X 




(28) 


• 

T 






a 


+d 2 


fi x +e2 


Qy+f 2 




(29) 






a 3 


a 


+c 3 Q z + ^-3 




Or+f 3 




(30) 


• 






Of 






















05 


0y+f 5 




(32) 






a 6 


a+b 6 


T +cs 0 z +d s 






IJL+he <$> 


(33) 






a 7 


a 






+f 7 +g 7 




(34) 


(0 




aa 


a 










(35) 



Equations (28) to' (32) no ionger contain the quantities 
p,, cp and 0), so that a separation of the variables is 
possible, and equations (33) to (35) no longer need to be 
considered in calculating the especially important change 
in the angle of attack a. 

Tb& coefficients in. equations (28) to' (32) have the 
following values: 

7 F v 
2 Gr '0 

b i = - ^x 0 
c x = 1 

f> _ 7 7 v _ 
cos"* ct 0 




7 v 2 7 t x 

a3 = ■-— — — m~ 

2 g J z s o 
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1 



7 F t x l H v 
C3 = ^- 7T ~- ^ 

13 2'i"j~ ns o J, "*o Q *o 

7 v s ? ti 

a 4 = - --— --- r m 3 

2 g J x 0 



= r — - ^s 0 
7 F tj v 2 

fs = -.THT Lp °' 

t>) Solution of the Fundamental Equations 

Prom equations (28) to (32) we can derive an. equation 
of the following form: 

a - a - (a2*bi +a 3 ci )a - (t>i ds +ci d 3 )Q X - (t>i e2 +ci %)fty. 

- c x c 3 Q z - (^ifs+cxfa) = 0 (37) 

in which 
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ai - - £ (T mi o ~ ** °* 1 



3 7_V2_P ti 

'2 g~j; 



&2 tj + a 3 C! ~ - 0) 0 2 - ~~~~ m 2- ~ - 18.5 



bi d 2 + ci d 3 ~ - w 0 sin <p 0 sin" a 0 (l + — w + 0.3 

di e 2 + ci e 3 ~ - w 0 sin cp 0 cos a 0 (l - ~ + 3.2 



J-v - J, 
Z 

7 P t x t H v 



J- - J, 



bi f s + ci f 3 » u> 0 8 sin 2 <p 0 (a 0 + -— "~ z sin 2 O - 

V 2 g J z / 

7 v 3 F ti 

- rr-j— % ~ + 8 - 9 

so that equation (37) may "be expressed numerically as 
follows: 

a.+ 0.1 a + 18.5 a -0.3 Q x -3.2 0 y -1.4 Q 2 -8,9 = 0 

with Q„ ~ -l # 7 and Q ' = 0.2 
**o z o 

.It is therefore obvious that, in normal construction, 
the terms with Q x and Q z are negligibly small in com- 
parison with the other terms and can be omitted. The an- 
gle of attack is at first hardly affected by any change 
in the rbtation about the fuselage axis, which might, 

e.g., be forcibly produced by changing the shape of the 
wing during flight. According to equation (32), the -ro- 
tation Qy can be oxprossed by the formula 



n r - - £ + K 0 - ~) a 0st - a yo ♦ <n y<j * - f5 )t, 

so that, by using this value, the following nonhomogene- 
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ous differential equotion of the second order is obtained 
f or a. 

a - a x a + q a - r t + s. 



The damping is 
sidcrod at the 
a"bout a moan p 
"beginning (as 
isfactory acco 
as accurately 
the initial co 
the difforenti 



so slight that it docs not need to he con- 
"heginhinge Hence oscillation- sets in 
osition which changes with time. At tho 
wo shall seo) , this is in thoroughly ' sat- 
rd'wit'h a numerical integration carried out 
as possi hlc # . Tho solution, is derived from 
nditi.ons and. the constants q. f r and s of 
al equation with the following values: 



7 F 



t 1 v* 



2 g J j 



m 2 




0 





V 2 g j y / *<> v / : 



2 g Jy 



(38) 



+ .TIT [1 + (— ") 3 °r. EJ J 



Q 



Vcos a n / 



7 v 2 P ti 



n . 



(39) 
(40) 



This form of tho differential equation and its solution 
is very essential , 'beca\isc it indicates the means by 
which :tlro angle of attack can be ' sufficiently reduced' to 
enable recovery from the dangerous condition* From this 
solution, wo can dotormino what quantities are really in- 
volved, 



If we refrain from altering the wing and the inertia 
moments during the spin, then m 2 0 i &2 Q anA m 4 0 &- ve 
the only quantities remaining in equations (38) to (40), 
which enable the pilot to change the angle of attacks 
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6; Danger of tho Flat . Spin 



The elimination of danger from- a flat spin is synon- 
ymous with the determination of tho effect of measures 
for disturbing it and for restoring the airplane to nor- 
mal flight at a small angle of attack.. 

It has alroady been stated in Section 5 that the 
only practicable way to change the angle of attack is to 
alter the quantities m2 0 f n^ Q ' and nu 0 • The quanti- 
ties ms 0 and. n2 0 indicate only the slopo or parallel 
displacement of the straight lines representing the 
curve of tho coefficient corresponding to the moment 
about tho spar axis, as plottod against tho angle of at- 
tack according to Figure 13, Likewise, m 4 indicates 
only the slopo of tho straight lines which represent tho 
curve of tho normal force corresponding to the. fuselage 
end and tho vertical empennago as plotted against the an- 
gle of attack according to Figure 17. Figure 22 repre- 
sents tho beginning of tho oscillation produced by doub- 
ling the values m2 0 , n2 0 and m4 0 corresponding to 
tho stato of equilibrium. The angle of attack is but 
slightly roduced by a parallel displacement of the moment 
line corresponding to the doubling of n;s 0 » which might 
perhaps bo attainodliy cxtrcmo prossurcs. Aileron and 
rudder deflections do not enter into equations (38)* and 
(40) and consequently have nothing to do with tho ques- 
tion of roducdng tho angle of attack. This again con- 
firms ,tho fact that thoso controls - have almost no effect 
in a flat spin;. Even the doubling of lu 0 , which, as 
shown by a more thorough investigation, night bo at- 
tained by doubling the area of tho vertical empennage, 
effects only a slight change in the angle of attack. 
The greatest change is effected, according to Figure 22, 
by doubling ns 0 . According to equation (4) tho cofcffi- 
ciont Lljj of tho moment of the horizontal empennage 
about the spar axis can be represented "oy the formula 



c n H -<1E F H l H 



in which 



u h i~lTt7 



H b V2 v / 
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So long as the "rotation. about the path axis does not 

change much, q H romains nearly constant. The coeffi- 
cient of the normal force on the horizontal empen- 
nage deponds not only on the anglo of attack, "but also on 
the plan form of the horizontal omponnago F H and on i.ts 
profile. It remains constant for one and the same angle 
of attack, if the profile is not changed and the shape of 
the altered horizontal empennage is similar to the orig- 
inal shape. Under the conditions 

M H = C F H l H , 

i.e., the coefficient of the moment of the. horizontal em- 
pennage increases with its area Fg and with the dis- 
tance l^j of the c.p. of the horizontal cmponnago from 
the spar axis. If, for oxample, the area of tho hori- 
zontal emponnago is doubled, the coefficient M H of the 
moment of tho horizontal empennage is also doubled, in- 
volving, however, no change in the wing moment. - The 
curve H Tj = m 2 a + n 2 of the coefficient of the aerody- 
namic moment about tho spar axis, as plotted, in Figure 13 
against tho angle of attack a, assumes thcrof ore very 
nearly the desired doubled slope m 2 p Accordingly, the 
most effective way to change the angle of attack is to 
increase the area of the horizontal empennage. This en- 
largement must bo effected suddenly and during tho spin, 
since it is only in this way that the largo calculated 
change in tho angle of attack duo to the sudden doubling 
of the- surface area can take place according to Figure 
22« Section 8 will show how this requirement can bo 
structurally fulfilled. - 

Of course the approximate solution of tho fundamen- 
tal equations is valid only so long as tho fundamental 
assumptions are correct. Such is tho case only for tho 
timo immediately after tho disturbance. Further changes, 
especially in tho anglo- of attack, can bo determined on- 
ly by numerical integration. This, has been done for the 
caso of a sudden doubling of tho area of tho horizontal 
empennage during a spin. In Figures 23 and 24, the nine 
variables v, <p f u), a, |X, t, Qxf.Qy and ^z aro 
plotted agaixvst the time. The assumptions underlying 
the approximate integration hold good whon the path ve- 
locity v and . tho rotations Q x and Qy about the 
rospoctivTO fuselago and strut axos vary but little at 
least during the period immediately following tho dis- 
turbance. Almost tho whole change in the rotation Q 
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then becomes, evident through a change in the rotation Q 
about the spar axis. In Figure 22 the corresponding 
change in the angle of attack, as determined by the nu- 
merical integration, is plotted alongside the exact so- 
lution* At the beginning, tho appr oximatc integration 
yields almost the same result as the accurato numerical 
integration* 

Ho^over, as soon as the angle of attack assumes 
considerably smaller values, the numerical integration 
deviates from tho approximate one. Thorc is no oscil- 
lation, about the mean position, as in tho approximate 
integration, but the anglo of a 1 1 a ck drops to still 
smaller, values, whereby the angle of yaw increases vory 4 
rapidly, at least in . tho boginning. The airplane noses 
over and turns about the strut axis ioa such a way that 
tho air flow strikes the fusolago almost perpendicularly 
The resulting pressure against the vertical empennage 
and .the tail end of the fuselage croatos a moment .about 
tho strut axis, which turns. tho fuselage in the direc- 
tion of fall, i.e., again, reduces tho angle of yaw. 
Since the total rotation also diminishes greatly with 
timo, and the anglo of glido. approaches -90 Q * tho air- 
piano soon onters a dive which, is" free from rotation and 
side wind and from which it can level off. The pilot is 
therefore able to pull an airplane quickly out of a dan- 
gerous flat spin by suddenly enlarging the area of the 
horizontal empennage. 

A diminution of tho angle of attack, very similar 
to that produced by the sudden enlargement of tho hori- 
zontal empennage, can also bo brought about, without the 
action of the pilot, by the airplane suddenly encounter- 
ing- a strong ascending current, since it is entirely- 
indifferent, as regards recovery, whether the quantity 
m 2Q or v 2 is doubled in equation- (38>. Doubling v 2 

would correspond to increasing the sinking speed in a 
flat spin from about 30 m/s (100 ft. /sec.) to abotit 42 
m/s (138 ft. /sec.). The ascending current must accord- 
ingly have a velocity of about 12 m/s (40 ft. /sec.) to 
produce tho same effect as doubling the area of the 
horizontal empennage. Such an up-current is conceiva- 
ble, so that it is not impossible for an airplane to 
nose over withottt tho aid of the pilot. On the other 
hand, tho encountering of a down-current would greatly 
increase the difficulty of recovering from a flat spin. 
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It should also "bo mentioned that an airplane can 
also be "brought out .of a danger ous flat spin. by the 
proper handling of the olovator. Figure 22 shows that a 
single strong push producos a periodic change in the 
angle of attack, . which is practically synonymous with an 
oscillation of the airplane about the spar axis* . It is 
obviously possible, by repeated pushes in time with the 
initiated oscillations, to incroaso their amplitudo to 
whatovor degree may bo necessary for rocovory from the 
spin, American? .have conducted a series of oxperimont s 
on tho recovory £rom, a flat spin. T^oy succoodod in lev- 
eling off the airplane by tho above maneuver, but only 
aftor falling a long distance. The pertinent paragraph 
in the Amor lean report (reference 3) reads: 

"Should this bo ineffective after several additional 
turns an attonpt should be made to rock tho plane out, 
using the engine in conjunction each time the controls 
arc moved for recovory. It is necessary, of course, to 
work with tho natural period of the plane in attempting 
rocovory by this means, the controls being oporatod vory 
much in tho same manner that a soaplano i s rocked on tho 
stop for taking off." 

7. Constructional Measures 
a) P 0 r Recovering from a Flat Spin 



The present thooretical investigation shows, iri 
agreement with practical experience , that tho operation 
of the controls causes only a very slight disturbance of 
the equilibrium of all the forces and moments acting on 
an airplane in a flat spin. Hence an airplane can be 
brought out of such a spin only very gradually and often 
not at all. The *inve stigation shows, moreover, that a 
sudden increase in tho moment of the horizontal empennage 
during a spin, immediately and greatly reduces the angle 
of attack and causes the airplane to nose over strongly, / 
so that it can bo quickly and safely brought out of tho 
flat spin, which has hithorto boon justly feared. 

This result is not at all surprising. It is obvi- 
ously possible to recover from tho dangerous flat spin 
if tho airplane can be forced down suddenly to the small 
angle of attack at which all tho controls bocomo fully 
effective. J U 3t the fact that the controls have p'racti- 
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cally no effect at the large angles of attack prevail- 
ing in a flat spin, is the real reason why the operation*, 
of the controls can bring an airplane out of sudi a spin 
"but very gradually and often not at all. 

On the other hand, enlarging the area of the hori- 
zontal empennage increases its moment just when it has a 
very large angle of attack, as in a flat spin, Construc- 
tionally thero is no insurmountable obstacle to such an 
enlargement of the horizontal empennage. A possible con- 
struction is shown, e.g., in Piguro 25. 1$ ordinary 
flight the dotted movable portions are enclosed in the 
stabilizer. In case of need they can be projected so as 
to form a considerable onlargemant of the horizontal em- 
pennage. 

b) For Preventing the Possibility of a Flat Spin 

The best way known to make a flat spin impossible 
is to give the proper form to the vertical empennage and 
to the tail end of the fuselage. In reference 2 wo 
called attention to the fact that thc ! surfaces for damp- 
ing the rotation about the strut axis (part icularly the 
vertical empennage and the.. tail end of the fuselage) must 
be made as large as possible and so arranged that they 
are exposed to the air flow from all directions, especial 
ly from obliquely xmderneath. 

Many airplane fuselages are so built that, as seen 
from the side, they taper greatly toward, the tail, while, 
as seen from above, they are too broad even at tho tail, 
so that the area of tho lateral surfaces of the fuselage 
at the tail aro small and tho vertical empennage, situ- 
ated chiefly ab.ovo the fuselage, tip , is largely shieldod 
from the air flowing from obliquely underneath. The 
horizontal empennage produces a similar effect to a still 
greater degree, so that the vertical empenirage is almost 
completely blanketed from air currents coming from ob- 
liquely underneath. 

Due to the unfavorable shape of tho fuselage and the 
shape and arrangement of the tail surfaces, the damping 
.moments about the strut axis aro frequently too small to 
enable the prevention: of a flat spin. A flat spin canirot 
always be proventcd fcy enlarging the vortical omponnago, 
at least when the latter is situatod above the fuselage 
and the horizontal omponnago. 
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Tho fact that, despito the unfavorable shapo- and ar- 
rangement of the fuselage, and vortical enpon:cragc f many 
of- the airplane's thus constructed have not fallen into 
flat . spins, does not prove that they arc incapable of 
doing so# 'It has been found that airplanes supposed to 
bo spinproof have nevertheless fallen into dangerous flat 
spins under special conditions*. 

Tho risk of falling into; a flat spin, can be greatly 
redubed by a suitable construction'- of the fuselage tip . 
a:nd of. the vertical empennage. There arc airplanes 
whose fusolago tips, as seen from abovo, arc but littlo 
broader than the superimposed vertical cmpennago. If f 
moreover f spaaos are loft between the fuselage and the 
horizontal empennage, as shown in Figure 26, so that the. 
vertical empennage is exposed to the air flow from all 
possible directions, including that from obliquely tinder- 
neath, and if, furthermore, the lateral surfaces of the 
fusolago end and the vertical empennage are made as large 
as possible, tho flat spin will then bp impossible' 

8. Summar.y 



This report deals first with the fundamental data 
required for the. investigation* Those are chiefly the . 
aorodynamic forces and moments acting on an airplane ' in * 
a flat spin.. It is shown that those forces and moments 
depend principally, on the angle of attack and on the ro- 
tation., about the path axis, and can thcroforo eithor.be 
measured in a wind tunnel or calculated from wind-tunnel 
measurements of lift, drag and moment about tho loading 
odgo of the wing of an airplane modol at rest. The 
lift, drag and moment about the spar axis aro so great- 
ly altered by the rapid rotation in a flat spin, that 
they can no longer, as in refcronco 2, bo rogardod as in- 
dependent of the rotation. No substantial change in the 
angles of attack and giide occurring in a flat spin, as 
found in reference 2, is invelved. The cross-wind force, 
as compared with the lift and drag, can bo disregarded 
in a flat spin.. ' Practically the only aerodynamic moment 
about tho fuselage "axi s is that produced by the . wing as 
a result of the rotation. In- addition to the correspond- 
ing aerodynamic moment about- the. strut axis, as produced 
by the wing alone, there , is another aerodynamic moment 
principally produced by the vortical ompennago and tho 
tail end of tho fusolago. This moment is due to the 
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rapid rotation, which it constantly tends to damp. 

The initial conditions for a flat spin arc as fol- * 
lows, Tho principal moment about the strut axis consists 
of the aerodynamic moment produced by the wing alone, 
which accoloratos tho existing rotation, end tho damping 
moment produced by tho vertical empennage and the tail 
end of tho fuselage. These moments can be balanced only 

bOx 

for a given maximum value 2~v* corresponding to a defi- 
nite, maximum angle of glide 9 . The lateral angle (angle 
of yaw) t must be small, in order for it to be possible 
to balance the moments about the fuselage axis at a giv:en 
angle of glide. Lastly, the angle of attack a is de- 
termined by balancing tho moments about tho spar axis, 
when the angle of glide cp and ■ the lateral angle t are 
known. 

The characteristics of a flat spin are thus deter- 
mined. ]?or the airplane in question, they are: 

Path velocity v = 25 m/s, 

Angle of glide cp = - 87°, 

Rotational velocity (i) = 5(l/s), 

i.e,, the airplane requires about 1,3 s for one revolu- 
tion:, about the vertical axis; 

Angle of attack a = 60°, 

Angle of bank |j, = - 85°, 

Lateral angle T small, 

(angle of yaw) 

The investigation of tho effect of disturbances in a 
flat spin begins with tho integration of tho known funda- 
mental equations pertaining to the equilibrium of the 
forces arid moments acting on the airplane. These funda- 
mental equations can be advantageously transformed and 
simplified, so as to enable the separation of the varia- 
bles and especially 'the determination of tho very impor- 
tant anglo of attack, from which we can ascertain: the 
rcqriisito factors for recovery from the dangerous condi- 
tion-. It is shown that, in 'agreement with experience, 
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the controls have hardly any effect and that the only re- 
maining moans- is a suddon increase in the Blapo of the 
curve of the moment coefficient about .the spar axis in 
terms of the angle of attack. The roqui si to increase in 
the slope of this curve can "be effected by a sudden en- 
largement of the horizontal empennage during the spin. 

The dangerousne ss of the flat spin can only he de- 
termined "by following the effect of a disturbance on the 
variables over a considerable period of time. This is 
possible only by a numerical integration, which was made 
for the case of a sudden, doubling of the horizontal em- 
pennage and led to the following at least qualitatively 
correct result. 

Due to the sudden doubling of the area of the hori- 
zontal empennage during flight, the airplane quickly 
noses so far over that the angle of attack is reduced to 
that of normal' flight. For a time the- rotation of the 
airplane about the strut axis continues, so that the lat- 
eral angle is very large at first .and the side of the 
fuselage is struck almost vertically by the air curront. 
The fusolago end and the vertical empennage then damp the 
rotation about the strut axis so strongly, that the fuse- 
lage axis gradually approaches the diroctioii of tho path 
axis and tho lateral angle diminishes. The rotation grad- 
ually* diminishes, and tho angle of glide approaches ^90°. 
The airplane soon goes into a dive without rotation or 
side wind. The suddon enlargement of tho horizontal em- 
pennage is therefore the most offoctivo means for bring-* 
ing an airplane quickly out of a dangerous flat spin,. 

The sudden encountering of an up-current by a flat- 
spinning airplane may cause it tor nose ovor and recover 
from tho spin. without tho aid of tho pilot. The suddon 
encountering of a down-current would, however, greatly 
increase the difficulty of recovering from a flat spin* 
It is quite possible that an airplane which is often put 
into a stoop spin without going into a dangerous flat 
spin may nevertheless fall into. the latter under certain 
conditionSc Hence it is very rash, simply on the basis 
of test flights, to claim that an airplane cannot flat- 
spin, until it has been, satisfactorily demonstrated un~ 
dor all possible conditions of flight. 

Another way to rccovor from a flat spin , although 
not so quickly, is by the correct operation of tho .ele- 
vator. A single strong push on tho control stick causos 



38 H.A.C.A. Technical Memorandum Ho. 629 : 



a slight periodic variation in the angle of attack and 
starts an oscillation of the airplane about tho spar 
axis. By alternate -pushing and pulling in time with tho 
original oscillations, their amplitude can bo increased 
as much as may "be necessary for recovery from the- spin. 
American experiments with flat-spinning airplanes have ■ 
demonstrated that .ah airpiano can thus be "brought out of 
a dangerous flat spin. 

The sudden enlargement of the horizontal empennage 
during flight ,* as required for quicrk recovery' from a flat 
spin., can "be accomplished as shown, for example, in Fig- 
ure 25. The stabilizer is provided with tqloscoping 
parts which are enclosed in the stabilizer during ordi- 
nary flight, "but can bo projected, in case of need, so as 
greatly to enlarge the area of . tj&e horizontal empennage. 

If it "be dosircd to avoid all possibility of a flat 
spin, tho horizontal empennage may "bo so constructed as 
to leave spaces next to the fusolago Tfig. 25) , thus ex- 
posing, the. largely dimensioned vertical omponnage and 
lateral surfaces of" tho . end, of . tho fuselage to air cur- 
rents from all: possible dircctipns and especially from 
obliquoly underneath. 
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Jig.l Notation; 



A 

B 
C 
D 
E 
F 
G 
K 
I 
J 
K 
L 
M 
N 
0 
P 

Q 



Normal force N 

Strut axis y 

Angle of wing setting p. 

Lift A 

Lift axis y^ 

y axis J. to x and z 

Tangential force T 

Fuselage axis x 

Lateral angle t 

x axi s ± t o y and z\ 

Angle of attack ol 

Path axis x 

Drag W 

Spar axis z 

zx axis xto x and y^ 

Cross-wind force Q 

Horizontal axis zito x 




K - b=15,94 B-4- 

x 



t 2=1. 60 m 
t x =2.20 m 
G=1600 kg 
Fp=4.80 m 2 
F= 39.76 m 2 

Fig.2 




Fig. 3 



W , F B =1.79 m 2 • 

A' , r=0.80 m 

B« , h=0.42 m x 



Fig. 4 

Figs. 2, 3,4 Plan, front and side views of Junkers A35 
low-wing monoplane. * 
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Fig. 5 Plat-spinning seaplane falling almost vertically at 
a midspan angle of attack of about 60° 
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Figs. 6, 7 




Wing alone 
Whole airplane 



Fig. 6 Coefficients tsf lift and drag plotted against 
angle of attack. 



Wing alone Whole airplane 




Fig. 7 Coefficient of moment about leading edge 
of wing plotted against angle of attack 
with elevator angle as parameter; 
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Fig. 8 For calculating the cross-wind force. 
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Fig. 9 Coefficients of wing lift and drag plotted 
against angle of attack with parameter 
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Figs. 10,11, 13 
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Fig.10 Coefficients of airplane lift and drag plotted 

against angle of attack with parameter bn x /2v 
(n]_ instead 



of n 2 ) • 
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Fig. 11 Coefficients of aerodynamic moments about spar 
axis plotted against angle of attack. 




Fig. 13 Coefficients of normal and tangential forces 

of wing alone plotted against angle of attack. 
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Figs. 13, 14, 15 
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Fig. 13 Coefficients of aerodynamic moments about 
spar axis plotted against angle of attack 
with parameter bfl x /2v. 
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Fig. 14 Coefficients of aerodynamic moments of wing 
alone about fuselage axis plotted against 
angle of attack with parameter "ofl x /2v. 



bfl T /2v = 2.0 
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Fig. 15' Coefficients of aerodynamic moments of wing 
alone about strut axis plotted against angle 
of attack with parameter bG x /2v. 
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Figs. 16, 17,18 




Fig. 16 Blanketing of vertical empennage. 
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Fig, 17 Coefficient ,of normal force of a square flat 
surface plotted against angle of attack. 
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Fig. 18 Coefficients of aerodynamic .moments about strut 

axis, produced chiefly by fuselage end and 
vertical empennage, plotted against angle of attack 
with parameter bfi x /2v. 
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Figs. 19, 20, 21 
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Fig. 19 Path velocity, rotational, velocity about vertical 

axis and angle of wing setting plotted against 
angle of attack for angle of glide -r87°, as likewise 
bil x /2v plotted against angle of attack with angle of glide- 
as parameter. 
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Fig. 20 Balancing of moments about fuselage axis at angle 

of attack -87°. Coefficients of aerodynamic and 
gyroscopic""" moments plotted against angle of attack with 
lateral angle as parameter. 




a 

Fig. SI Balancing of moments about spar axis at angle of 

glide -87°. Coefficients of aerodynamic and gyro- 
scopic moments plotted against angle of attack with lateral 
angle as parameter. 
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Figs; 22, 23, 34 
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Fig. 22 Angle of attack plotted against time . 
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Figs. 23, 24 The nine variables plotted against time, 
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Figs. 25, 26 




Fig. 26 Horizontal empennage with open spaces 
next to fuselage. 



